Abstract: Surface textures have significant influence on surface wettability. In this paper, a range of fish scales surface textures are produced by using vibration assisted micro milling.
Introduction
Wettability is one of the most important characteristics inherent to a surface, which has a significant effect on the flow of a liquid over a solid substrate [1] . It is the result of the interfacial tensions interaction of three phases (vapour, solid surface and liquid) and can be expressed by the surface contact angle [2] . Benefits such as superior lubrication and wear resistance can be obtained by modifying a solid surface wettability to an appropriate value, which results in wide applications such as in the bio-medical field and oil industry [3] [4] [5] [6] .
Surface wettability can be affected by many factors, such as material types, surface roughness and surface microstructure. Accordingly, research on creating particularly hydrophilic surfaces and the relevant theories, such as contact models and the influence of surface free energy variation on contact angle have been carried out in the past decades. Li et al. [7] found that solid surface hydrophilicities with distinct surface textures can be quite different even if they have similar surface roughness. To explain this phenomenon, an analytical method was proposed to calculate the contact angle based on a typical pillar surface microstructure by considering the surface energy variation in the Wenzel and Cassie's contact model. A different theory is proposed by Shi et al. [8] : they fabricated a parallel-channels surface microstructure by using high speed micro milling machine and built a relationship between the droplets' Gibbs free energy on the surface and the contact angle. To improve the hydrophilicity of a polymer membrane and extend its life, Yang et al. [9] fabricated a mineral coating to cover it. Results showed that both wettability and structural stability of the polymer membrane were improved.
However, this method cannot produce a controllable wettability of the surface. Fuat et al. [10] solved this problem by developing a multilayers coating. Through changing the terminal layer, the contact angle varies between 37° and 45°. However, its application is limited by the complexity of the process, its high cost and the coating's susceptibility to ageing. Producing surface textures is another way to change surface drop impact characteristics, and many techniques such as high speed micro machining, laser cutting and etching have been applied in the manufacturing process. A pillars-array microstructure fabricated with a CNC machine is proposed by Lee et al. [11] . It is found that the pillars-array micro-structure can effectively improve the material hydrophobic properties and the surface wetting state changes (from Cassie state to Wenzel state) as pillars' spacing increases. Laser cutting is another efficient way to manufacture unique surface patterns with different surface wettability. However, special equipment is required for the process [12, 13] . Andrew et al. [14] developed a parallel-grooves surface structure by using etching. According to the contact angle measurement results, the etched surface hydrophobicity is increased and can be controlled within a certain range; furthermore, an anisotropic wettability is obtained. the surface textures obtained by using nontraditional machining techniques also suffer from problems such as hard to control production process and hence inaccuracy in reproduction [15] . Although non-traditional machining techniques permit tailoring wettability via surface textures, they involve complex production processes and are difficult to reproduce accurately [15] .
As a new machining method, vibration assisted micro milling (VAMM), featuring a periodic separation between the workpiece and the tool, offers numerous advantages such as lower cutting force, longer tool life, better surface quality, and higher machining accuracy [16] [17] [18] [19] [20] [21] . VAMM has found applications in processing hard and brittle materials such as silicon, titanium alloy and ceramics [22] . Moreover, with an appropriate selection of parameters, unique surface textures can be created by VAMM.
In this study, a range of fish scales surface textures are produced by vibration assisted micro milling on aluminium alloy. The surface texture formation mechanism is modelled by studying the kinematics locus of the cutting end of the two-flute milling tool. A series of machining experiments was carried out to generate surface textures with different characteristic dimensions. A new contact model is proposed to predict the resulting wettability. Sessile drop experiments are conducted to assess the accuracy of the new contact model.
Kinematic analysis of surface topography generation in vibration assisted micro milling

Tool tip trajectories analysis
The principle of surface structure modification during vibration assisted micro milling is investigated in this paper. As it is performed by adding high-frequency vibration to the precision micro end milling process, the exact trajectories of the cutting edges of a two-flute milling tool in the conventional milling process are firstly studied. 
Where Xi and Yi represent the coordinates of the tool tip positions, i indexes the two cutting edges (0 and 1), Vf (mm/s) is the cutting speed, n (rev/min) is the spindle speed, R (mm) is the tool radius and t (s) is the cutting time.
Figure 1 Conventional end milling tool tip trajectories
When an X axis direction (feed direction) sinusoidal signal vibration is applied to the process, the new tool tips trajectories can be expressed as:
Where f x (Hz) and A x (µm) are the vibration frequency and amplitude, respectively, and is a phase angle.
According to Eq. (2), two unique adjacent tool paths can be generated, as shown in Fig. 2 .
With proper phase differences, a closed area (fish scales) can be produced, with the crests or troughs of the one tool tip corresponding to the troughs or crests respectively of the following tool tip. To describe this situation, the ratio between vibration frequency and spindle rotational frequency is defined as the frequency ratio (δ) and the condition to achieve this regular pattern for a two-flute cutter is: The crest, or trough, of the former tool tooth overlaps with the trough, or crest, of the following tool, so the characteristic dimensions can be expressed as:
It can be noted that the lengthAB of the surface texture is in proportion to the tool radius and the spindle speed, and in inverse proportion to the vibration frequency. The width CD of the surface texture increases with the increase of the feed per tooth and the amplitude of the vibration.
Depth prediction in fish scales surface textures
The analysis of the depth profile of fish scales surface structures requires understanding of the surface generation mechanism. In the conventional micro-milling process, the cutter path has a great effect on the formation of tool marks and affects the surface topography. Depending on cutter tooth profile and cutting parameters, the feed marks assume one of two configurations, as shown in Fig.4 . Where re is the cutting edge radius, α and β are the tool edge clearance angle and tool edge rake angle, respectively. 
As a sinusoidal vibration is applied in the feed direction, the depth of fish scales surface structure hd is described by two different expressions depending on the amplitude of vibration , as follows: (Fig. 6) . As a result, solid-liquid and solid vapour energy will correspondingly change. The model predicts the Wenzel contact angle θw as:
Where r is the roughness factor (the ratio between real area and the rough surface area)
On the other hand, after investigating the surface physical and chemical properties, Cassie [24] attributed the contact angle difference to surface Gibbs free energy changing due to inhomogeneity of surface structure. He proposed a contact model where all the micro pits on the rough surface are filled with air (Fig. 7) . With this assumption, the Cassie contact angle, θc is calculated as:
where is the fraction of area occupied by solids on rough surfaces. According to these two contact models, for solid substrates of a given roughness, there exist two distinct contact angles. In fact, the wetting state can transit from Cassie model to Wenzel model for solid surfaces with pits open to the atmosphere: the droplet spreads out and fills the micro pits naturally due to its own weight and infiltration [25, 26] . However, when the pits are closed, pockets of air can be trapped inside and cannot easily escape. After an appropriate time a state of equilibrium (stable or metastable) will be reached (Fig. 8) .
Figure 8 Illustration of the Intermediate Contact model
If an external disturbance causes an overall displacement dx (see Fig. 8 ) of the water droplet, perturbing the equilibrium reached in the intermediate contact model, an increment dG of the total Gibbs free energy is observed, resulting from variations in the energy of the three interfaces present:
where , and are the energy increment of the solid-liquid, solid-vapour and liquid-vapour interfaces, respectively.
By considering the fish scales surface texture in Fig. 8 , Eq. (13) can be expressed as: 
where is the percentage of area occupied by solids on rough surface, given by = 1 − 60 sin 2δ (15) and ε is the critical angle between fish scales and surface and depends on the vibration amplitude and depth of fish scales hd.
Since the Gibbs energy is stationary at equilibrium, its derivative with respect to a perturbed parameter is zero:
By combining Eq. (14) and (16) 
From Eq. (17), the static contact angle is determined by both vibration parameters (frequency, amplitude) and cutting parameters (spindle speed, tool geometry and feed rate).
By introducing the frequency ratio δ (defined in Eq. (3) The value of sin can be calculated via trigonometry. On the other hand, the value of infiltration depth di can be obtained by considering the pressure change of the air in the micropits caused by the droplet contacting the substrate. The original air pressure in the micro pits is equal to atmospheric pressure (P0), whereas a pressure P2 is reached after the liquid contacts the surface and a new equilibrium is established. The pressure within the droplets ( 1 ) is determined by the liquid surface tension. These quantities are related by:
(20)
where is the liquid surface tension, θ is the contact angle, R1 is the radius of the droplet and R2 is the radius of the liquid in the micro pits, as shown in Fig. 8 .
According to the ideal gas law, the product of air pressure and volume remains unchanged during this isothermal process. Moreover, the volume of the two states can be calculated geometrically. Consequently, the two states can be expressed as: 
By substituting Eq. (23) into Eq. (18), the solid surface contact angle can be obtained.
Experimental setup
Surface texture generation
The experiments are conducted on a desktop precision micro milling machine (Nanowave MTS5R) which is equipped with a high speed spindle (max 80,000 rpm). The vibration stage is mounted on the machine as shown in Fig.9 . Slots milling experiments are conducted on Al6061 alloys with vibration in the feed direction.1 mm diameter uncoated carbide end mills are used, and the slot cross section dimensions are 5mm wide and 50 µm deep. The machining and vibration parameters are listed in Table 1 . Figure 9 Layout of vibration assisted micro milling equipment 
Surface wettability measurement
The machined specimens are cleaned with ethanol solution in an ultrasonic cleaner. The machined surface textures are verified by an optical surface profiler and the corresponding surface contact angles are measured by using a contact angle meter (OneAttension with Theta Lite, LT100) through the sessile droplet method. The whole testing process is performed at room temperature. Three measurements were carried out at each measurement point with the amount of 5 µL±0.1µL water droplets to increase the measurement accuracy.
Results and discussion
Machining results
The machined surface texture is observed using white light interferometer (Zygo NewView 5200) and the testing results are shown in Fig. 10 and 11. 
Wettability testing results
As discussed in the previous section, the surface wettability can be quantitatively measured and compared through contact angles. Fig. 12 illustrates contact angle results with different vibration parameters. It can be observed that the contact angle in the conventionally machined surface was measured as 89˚, whereas all the surfaces machined by vibration assisted micro milling have lower contact angle values ranging from 33˚ to 57˚, which indicates that a more hydrophilic surface has been produced by vibration assisted milling.
The contact angle obtained from machining experiments was compared with simulation results obtained from the proposed contact model, as well as both Wenzel's and Cassie's contact models(see Fig. 13 ). Compared with the results of Wenzel's and Cassie's contact models, the proposed contact model provides more accurate contact angle prediction in both frequency ratio domain and vibration amplitude domain. In Fig. 13 (a) , as frequency ratio increases from 19 to 39, the variation of corresponding experimental contact angle shows a linear increase from 33˚ to 57˚, which follows almost the same trend as the theoretical prediction. As shown in the tool motion simulation results (see Fig.3 ), the area of the micro unit reduces when the frequency ratio increases, which changes the percentage of area occupied by solids on rough surface and the filtration area in the fish scales structure. According to Eqs. (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , the value of contact angle increases and the surface wettability turns to be more hydrophobic. In addition, it is reported that the contact angle is one of the important factors 16 indicating the surface free energy, where smaller surface free energy corresponds to higher contact angles [8] . This implies that increasing the frequency ratio will decrease the surface free energy. Fig. 13 (b) shows the effect of vibration amplitude for both testing and theoretical data when the frequency ratio is 25. Generally, the contact angle decreases with the vibration amplitude and reaches the lowest value (around 33˚) at 8 µm and the highest value (around 45˚) at 2 µm, which agrees well with the theoretical data. This is due to higher vibration amplitude causing a larger size of fish scales unit, which affects the infiltration area and the air pressure in the micro structure. As a result, a lower contact angle and an increased surface free energy can be obtained. 
Conclusions
In this paper, vibration assisted micro milling is used to produce surface textures with controllable wettability. The influence of the frequency ratio (vibration frequency over spindle speed) and the vibration amplitude on the surface texture and its relationship with hydrophilicity are investigated. The following conclusions can be drawn:
1) Surfaces with fish scales textures can be produced by using appropriate machining and vibration parameters. The relationship between the machining and vibration parameters are established in the surface generation model. The size of the fish scales unit can be controlled by the frequency ratio and the vibration amplitude.
2) A contact model is developed to predict the hydrophilicity of fish scales textured surfaces by considering the effects of trapped air pressure in the surface microstructure, infiltration area and the percentage of area occupied by solids on a rough surface.
3) The wettability testing results on the machined surface show that the proposed contact model can predict the contact angle accurately.
4) The results also indicate that the fish scales textured surface turns to more hydrophilic and a surface with controllable wettability can be obtained by optimizing the machining and vibration parameters.
